We report the fabrication and characterization of thermoelectric power generator modules of 16ϫ 16 segmented elements consisting of 0.8 mm thick Bi 2 Te 3 and 50 m thick ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x with 0.6% ErAs by volume. An output power up to 6.3 W was measured when the heat source temperature was at 610 K. The thermoelectric properties of ͑InGaAs͒ 1−x ͑InAlAs͒ x were characterized from 300 up to 830 K. The finite element modeling shows that the performance of the generator modules can further be enhanced by improving the thermoelectric properties of the element materials, and reducing the electrical and thermal parasitic losses.
Solid state thermoelectric generator modules composed of n and p semiconductor element couples can be used for direct thermal to electrical energy conversion. Their great potential in providing cleaner form of energy and reducing environmental contamination has been recognized. The power conversion performance of a thermoelectric generator module depends largely on the semiconductor element's thermoelectric properties, in terms of the thermoelectric figureof-merit, Z = ␣ 2 · / , where ␣ is the Seebeck coefficient, is the electrical conductivity, and is the thermal conductivity. The quantum confinement effects of these low dimensional structures can improve the material's power factor ͑␣ 2 ͒. 1,2 Lattice thermal conductivity can be reduced due to the increase of phonon scattering by abundant surfaces and interfaces in nanostructured materials. 3, 4 And the Seebeck coefficient can be increased through energy filtering by thermionic emission across heterointerfaces, 5, 6 and/or energydependent electron scattering by nanostructures. 7, 8 Thermal conductivity reduction using superlattice heterostructures or incorporation of nanoparticles has been demonstrated. [9] [10] [11] In this study, ErAs nanoparticles were epitaxially incorporated into ͑InGaAs͒ 1−x ͑InAlAs͒ x using molecular beam epitaxy ͑MBE͒. When ErAs nanoparticles are incorporated into ͑InGaAs͒ 1−x ͑InAlAs͒ x , a bending potential barrier is formed at the interface between the particle and semiconductor. The Seebeck coefficient can be enhanced through the electron filtering effects of these potential barriers. 12 The performance of a thermoelectric generator module can be effectively enhanced by using segmented element structures with materials whose thermoelectric properties are optimized in successive temperature ranges. 13 In this paper, we report the fabrication, characterization, and measurement of generator modules using segmented elements of 50 m 0.6% ErAs:͑InGaAs͒ 1−x ͑InAlAs͒ x and 0.8 mm Bi 2 T 3 ͑Fig. 1͒. ͑InGaAs͒ 0.8 ͑InAlAs͒ 0.2 samples with 0%, 0.3%, and 0.6% ErAs volume concentrations were grown on latticematched InP͑100͒ substrates of 520 m thick using MBE with the growth temperature maintained at 490°C. The thermal conductivity of the 2 m epitaxial thin film layers were measured using 3 method. 14 The measurement results ͑Fig. 2͒ show that by incorporating ErAs nanoparticles in InGaAlAs, the thermal conductivity was reduced below that of the alloy ͑InGaAs͒ 0.8 ͑InAlAs͒ 0.2 . By increasing the ErAs concentration from 0.3% to 3%, the thermal conductivity of the material is further reduced by about 25%.
To avoid any side effects from InP substrate in Seebeck coefficient and electrical conductivity measurements, the semi-insulating InP substrate was removed in our material characterization. The epitaxial sample was bonded onto a sapphire substrate using a SiO 2 -SiO 2 oxide bonding technique. 15 Then, the semi-insulating InP was removed by wet etching leaving just the 2 m epitaxial layer of bonded onto a 500 m sapphire substrate. TiWN was used as metal diffusion barrier, which has good barrier property and thermal stability up to 700°C. 16 Measurement results ͑Fig. 3͒ show that the Seebeck coefficient increases with temperatures from 300 to 830 K, and the electrical conductivity increases with temperatures from 300 to 600 K, but the values become saturated when the temperature is over 600 K. The reason is that the electron-phonon and electron-nanoparticle scatterings become stronger at high temperatures, and the a͒ Electronic mail: gehong@ece.ucsb.edu. carrier mobility is reduced significantly even though the carrier concentration still increases with temperature moderately. The comparison of ZT values between Bi 2 Te 3 and ErAs:InGaAlAs ͑Fig. 4͒ indicates that it can be beneficial by using segmented elements of the two materials.
The characterization of p-ErAs:InGaAs material was carried out using the same measurement method as that used for n-ErAs:InGaAlAs. Their thermoelectric properties are comparable up to 400 K. When the temperature increases from 400 to 600 K, n-ErAs:InGaAlAs shows larger power factor than that of p-ErAs:InGaAs.
Two 50 m 0.6% ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x for segmented generator modules were grown on lattice-matched InP͑100͒ substrates using MBE with the same material structure as that of the 2 m characterization samples. The n-type ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x consists of 80% InGaAs and 20% InAlAs, while the p-type sample is ErAs:InGaAs.
Ni/GeAu/Ni/Au contact metals were used for n-type ErAs:InGaAlAs, and Pt/Ti/Pt/Au were used for p-type ErAs:InGaAs, respectively. Then TiWN was deposited on the contact metal layers and used as a metal barrier layer to prevent metal diffusion at high temperatures. The transmission line measurements show that the contact resistance for both n and p types are less than 8 ϫ 10 −7 ⍀ cm 2 . The 16ϫ 16 element array of Bi 2 Te 3 elements was bonded on a lower ceramic plate; while the 16ϫ 16 ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x element array was bonded on an upper ceramic plate. And then the two ceramic plates were bonded together using flip-chip bonding technique to form a 16ϫ 16 segmented element generator module.
An output power of 6.3 W was measured when the heat source temperature was at 610 K and the cooling water temperature was kept at 285 K. A three-dimensional ͑3D͒ finite element modeling was used for the analyses of the generator module performance, in which the Peltier, Seebeck, and Thomson effects were taken into account and the input parameters of material properties and contact resistances were from experimental data. The modeling results are compared with experimental measurements ͑Fig. 5͒. The thermal conductivity of the 0.7 mm thick ceramic plates used in the module is about 26 W m −1 K −1 ͑300 K͒, and the value decreases to 12 W m −1 K −1 at 600 K. Our modeling indicates that an improvement up to 6% can be expected by using 0.5 mm thick AlN plates with the thermal conductivity of 175 W m −1 K −1 at 300 K and around 50 W m −1 K −1 at 600 K. The specific contact resistance to Bi 2 Te 3 material is around 6 ϫ 10 −6 ⍀ cm 2 ; while the contact resistance to the ErAs:InGaAs is below 8 ϫ 10 −7 ⍀ cm 2 . 3D modeling shows that the performance of the generator module is improved by 4% by adding the 50 m ErAs:InGaAlAs segment. Further improvement can be expected with the improvement of the element material properties, increasing the thickness of ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x elements, increasing heat source temperatures, and reducing the electrical and thermal parasitic losses.
In summary, MBE grown ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x samples with different ErAs concentrations were characterized by variable temperature measurements of thermal conductivity, electrical conductivity, and Seebeck coefficient from 300 up to 830 K. A 16ϫ 16 thermoelectric power generator module was fabricated using segmented elements of 50 m 0.6% ErAs: ͑InGaAs͒ 1−x ͑InAlAs͒ x and 0.8 mm 
